Abstract Lyme neuroborreliosis (LNB) affects both the central and peripheral nervous systems. In a rhesus macaque model of LNB we had previously shown that brains of rhesus macaques inoculated with Borrelia burgdorferi release inflammatory mediators, and undergo oligodendrocyte and neuronal cell death. In vitro analysis of this phenomenon indicated that while B. burgdorferi can induce inflammation and apoptosis of oligodendrocytes per se, microglia are required for neuronal apoptosis. We hypothesized that the inflammatory milieu elicited by the bacterium in microglia or oligodendrocytes contributes to the apoptosis of neurons and glial cells, respectively, and that downstream signaling events in NFkB and/or MAPK pathways play a role in these phenotypes. To test these hypotheses in oligodendrocytes, several pathway inhibitors were used to determine their effect on inflammation and apoptosis, as induced by B. burgdorferi. In a human oligodendrocyte cell line (MO3.13), inhibition of the ERK pathway in the presence of B. burgdorferi markedly reduced inflammation, followed by the JNK, p38 and NFkB pathway inhibition. In addition to eliciting inflammation, B. burgdorferi also increased total p53 protein levels, and suppression of the ERK pathway mitigated this effect. While inhibition of p53 had a minimal effect in reducing inflammation, suppression of the ERK pathway or p53 reduced apoptosis as measured by active caspase-3 activity and the TUNEL assay. A similar result was seen in primary human oligodendrocytes wherein suppression of ERK or p53 reduced apoptosis. It is possible that inflammation and apoptosis in oligodendrocytes are divergent arms of MAPK pathways, particularly the MEK/ ERK pathway.
Introduction
Lyme borreliosis (LB), caused by the spirochete Borrelia burgdorferi, is the most frequently reported tick-borne disease in the United States [1, 2] . A primary infection manifests itself as a red rash (erythema migrans, EM) at the site of inoculation in about 80 % of infected individuals. This early-localized phase is followed by dissemination to multiple organs that may include distal skin, joints, eyes, heart, peripheral nerves and the central nervous system (CNS). Involvement of the latter, termed Lyme neuroborreliosis (LNB), is the most morbid form of LB due to its debilitating neurological sequelae. It affects both the CNS and the peripheral nervous system (PNS) and occurs in about 15 % of patients with EM [3] . Signs and symptoms range from radiculoneuropathy, sensory loss, weakness and facial palsy in the case of PNS neuroborreliosis, to meningitis, encephalomyelitis and encephalopathies in those with CNS involvement [4] .
LNB as well as other manifestations of LB, are inflammatory in nature. Perivascular cellular infiltrates have been found localized to peripheral nerves, meninges, brain, and other tissues in both human patients as well as in animal models of LB [5] [6] [7] [8] [9] [10] . Production of inflammatory mediators such as CCL2, IL-6, CXCL8, IL-1b, IFNc, TNF, and several others have also been recorded during B. burgdorferi infection in vitro and in vivo, involving several cell types, tissues, or animal models, as well as LNB patients [11] [12] [13] [14] [15] [16] [17] [18] . Production of such chemokines and cytokines has been shown to play key roles in neurodegenerative diseases and CNS injury [19] [20] [21] [22] [23] . We have hypothesized, by analogy, that such mediators could lead to loss of neurons or other glial cells, chiefly by apoptosis, and that this process would underlie the pathogenesis of LNB. In support of this hypothesis, brain sections of rhesus macaques exposed ex vivo to B. burgdorferi showed an upregulation of IL-6, CXCL8, IL-1b and CXCL13 as well as apoptosis of neurons and oligodendrocytes [24] . Similarly, intrathecal inoculation of B. burgdorferi into the cisterna magna of rhesus macaques resulted in elevated levels of IL-6, CXCL8, CCL2 and CXCL13 in the CSF, multifocal leptomeningitis, radiculitis and inflammatory lesions in the dorsal root ganglia (DRG) with concomitant neuronal and satellite cell death through apoptosis [25] . Subsequent in vitro studies have indicated that apoptosis of CNS neurons occurs only in the presence of microglia and B. burgdorferi [26] while oligodendrocyte apoptosis can occur in the presence B. burgdorferi alone with no other cell involvement [27] . In both these studies, an intense inflammatory environment was present, again supporting the hypothesis that neuronal or glial loss occurs in the context of an inflammatory milieu. Moreover, both inflammation and apoptosis of oligodendrocytes was mitigated in vitro, in the presence of the antiinflammatory drug dexamethasone [27] . In order to expand our knowledge of the pathogenesis of LNB, the current study was undertaken to delineate the molecular cell signaling mechanisms underlying inflammation and apoptosis in human oligodendrocytes during exposure to B. burgdorferi, using both immortalized and primary human oligodendrocytes. Our results indicate a predominant role for MAPK pathways, particularly the MEK/ERK pathway in inflammation and apoptosis along with mitochondrial involvement through the p53 molecule.
Materials and methods

Bacterial strain and culture
Borrelia burgdorferi strain B31 (clone 5A19) was used for all infection assays. B. burgdorferi was routinely cultured under microaerophilic conditions in Barbour-StoennerKelly (BSK-H) medium (Sigma Aldrich, St. Louis, MO) supplemented with amphotericin (0.25 mg/mL), phosphomycin (193 mg/mL) and rifampicin (45.4 mg/mL) for about 5-7 days. At the end of the time period and on the day of infection, bacterial concentration was determined using a dark-field microscope. Required numbers of bacteria were harvested at 2,0959g for 30 min at room temperature (RT) without brakes and resuspended in experimental medium containing DMEM-high glucose (Invitrogen/Life Technologies, Inc., Grand Island, NY) and 100 nM phorbol myristate acetate (PMA) (Sigma Aldrich, St. Louis, MO) and diluted further to the required multiplicity of infection (MOI).
Cell culture
Cells from the human oligodendrocyte cell line MO3.13 (CELLutions Biosystems Inc., ON, Canada) were cultured according to the manufacturer's protocol. Briefly, cells were grown in complete medium containing DMEM (high glucose) supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin (P/S) at 37°C, 5 % CO 2 . After confluency, cells were trypsinized, collected, and seeded at the required density (0.8 9 10
4 /well for 6-well plates, 1 9 10 5 /T-75 flask and 0.5 9 10 4 /well for 2-well chamber slides). After day 3, cells were allowed to differentiate for 3 days further by replacing the complete medium with medium devoid of serum and supplemented with 100 nM PMA and 1 % P/S (differentiation medium). Cells grown accordingly, as per the manufacturer, stain positive for markers such as myelin basic protein (MBP) and express myelin oligodendrocyte glycoprotein (MOG) transcript, which are phenotypic markers of mature, myelinating oligodendrocytes [28] . Such differentiated and mature oligodendrocytes were used for all of the experiments described. For all of the experiments with B. burgdorferi, differentiation medium without P/S (termed experimental medium) was used.
Human oligodendrocyte precursor cells (HOPCs) were obtained from ScienCell Laboratories (Carlsbad, CA) and grown according to the manufacturer's protocol. Briefly, cells were seeded at a density of C10,000 cells/cm 2 in 2-well chamber slides in oligodendrocyte precursor cell medium supplemented with oligodendrocyte precursor cell growth supplement and 1 9 P/S. The chambers were coated with poly-L-lysine according to the manufacturer's recommendations, prior to the seeding of HOPCs. The medium was replenished after 24 h and refreshed every third day for 10 days and replaced with oligodendrocyte precursor cell differentiation medium (OPCDM) supplemented with FBS, P/S and OPCDM supplement for 3-4 days. This allows the precursor cells to differentiate to the oligodendrocyte lineage. On day 14, infection assays with B. burgdorferi were carried out in OPCDM without P/S and processed for ELISA and TUNEL as described in the following paragraphs.
Infection assays and pathway inhibitors
For the infection assays, B. burgdorferi diluted to the appropriate MOI in either experimental medium or in OPCDM without P/S was added to the mature, differentiated MO3.13 cells or to the primary oligodendrocytes, respectively, for various time intervals. Viability of B. burgdorferi after 48 h in experimental medium was confirmed by re-culturing in BSK-H medium as well as by live/dead bacterial viability assay kit (Invitrogen/Life Technologies, Inc., Grand Island, NY). To determine the role of various pathways, several pathway inhibitors were added 2 h prior to bacterial addition and co-incubated for the duration of infection. The following inhibitors (EMD Millipore, Billerica, MA) were used: p38 (SB203580), MEK1/2 (U0126), JNK (SP600125), NFkB p65 (JSH 23), IKK-1/2 (inhibitor XII), p53 (pifithrins a and l). Supernatants were collected at specified intervals, centrifuged at 2,0959g, 10 min at 4°C to remove bacteria and cellular debris, aliquoted and stored at -20°C until analysis by multiplex enzyme-linked immuno sorbent assay (ELISA) for chemokines and cytokines.
Preparation of cell lysates
Cell lysates were extracted according to the manufacturer's protocols (Cell Signaling Technology, Boston, MA). Briefly, medium was removed, oligodendrocytes were washed once with ice-cold PBS and incubated on ice for 5 min in lysis buffer containing 1 mM phenyl methyl sulfonyl fluoride, a serine protease inhibitor. Cells were scraped, briefly sonicated, and lysates were centrifuged at 14,0009g for 10 min at 4°C, collected and stored at -80°C until analysis.
ELISAs for chemokines and cytokines, total p53 and cleaved caspase-3
Multiplex ELISAs for various chemokines and cytokines were carried out at the Pathogen Detection and Quantification Core, Tulane National Primate Research Center using custom Milliplex kits from EMD Millipore (Billerica, MA), and performed according to the manufacturer's protocols. Total p53 and cleaved caspase-3 protein levels were measured using Pathscan kits from Cell Signaling Technology with 50 lg of protein from the cell lysates prepared as described above. Protein measurement was performed with a standard Bradford assay using Bradford dye reagent and standards (Biorad, Hercules, CA).
Cell viability assay
Cell viability was assessed by a cytotoxicity assay using the tetrazolium dye MTT as a substrate and conducted according to manufacturer's protocols (Sigma Aldrich, St. Louis, MO). Briefly, 5 mg/mL MTT was added at a volume corresponding to 10 % of the volume of medium in the wells and incubated at 37°C, 5 % CO 2 for 2 h. Cells were solubilized using the solubilization solution and the optical density of the resulting colored solution was read at 570 nm. Viability of cells due to various treatments was normalized to that of medium controls.
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay The MO3.13 and primary human oligodendrocyte cells were fixed and stained for MBP according to Ramesh et al. [27] , and the TUNEL assay was performed thereafter following the manufacturer's instructions (EMD Millipore Apoptag Fluorescein kit). In brief, at the end of the treatment period the supernatants were removed and the cells were fixed in cold 2 % paraformaldehyde in phosphate buffered saline (PBS) for 10 min, washed in PBS and permeabilized with an ethanol:acetic acid (2:1) mix, and kept in PBS at 4°C until the next steps were performed. Cells were then re-permeabilized in PBS containing 0.1 % Triton-X-100, blocked with 10 % normal goat serum (NGS) for 30 min, followed by staining for MBP with a primary anti-human MBP rabbit polyclonal antibody (1:100; Millipore) and a secondary goat anti-rabbit IgG antibody conjugated to Alexa Fluor 568 (1:1000; Invitrogen) in PBS containing 10 % NGS for 45 min-1 h each. The nuclei were stained with TOPRO-3 iodide (1:1000; Invitrogen). The cells were re-blocked with 10 % NGS and then the TUNEL assay was performed, according to the manufacturer's protocol.
Microscopy
TUNEL-positive cells were visualized with a Leica DMRE Fluorescent microscope (Leica microsystems, Buffalo Grove, IL) and Lumecor SOLA GUI software (Lumencor, Beaverton, OR), and imaged using Nuance Multispectral Imaging System (CRi, PerkinElmer, Waltham, MA). To quantify differences between treatment groups, a total of 500-1,000 cells (MO3.13) or 2,000-3,000 cells (DHOPC) were counted over 10 fields or more for each well along with TUNEL positive cells in each field/frame. Percent apoptosis was calculated as TUNEL positive cells/total cells 9 100 and graphed using Microsoft Excel Ò software. Adobe Ò Photoshop CS3 software was used to assemble the images.
Statistics
The Student's t test was used to determine the statistical significance of an experimental outcome. P values \0.05 were deemed statistically significant.
Results
MAPK inhibitors, especially the MEK1/2 inhibitor, suppress inflammation induced by B. burgdorferi in MO3.13 oligodendrocytes
In previous studies, B. burgdorferi has been shown to elicit CCL2/MCP-1, IL-6, and CXCL8/IL-8 production from mature oligodendrocytes [27] . To make a more comprehensive analysis of the repertoire of mediators produced by mature MO3.13 oligodendrocytes, we assessed the production of additional cytokines and chemokines by multiplex analysis in response to B. burgdorferi (MOI 10:1). The results showed that in addition to CCL2, IL-6, and CXCL8, these cells also produce statistically significant amounts of CXCL (1, Next, we investigated the signaling pathway(s) that were likely to be involved in eliciting the production of these pro-inflammatory mediators. Since the NFkB and MAPK pathways have been documented to induce inflammatory mediator release from other glia, endothelial cells and monocytes [29] [30] [31] [32] , we evaluated the role of these pathways in mediating inflammation using pathway inhibitors. Most of the inhibitors suppressed the production of at least two chemokines/cytokines by MO3.13 in the presence of B. burgdorferi. However, the MEK1/2 inhibitor U0126, which suppresses the ERK pathway upstream of ERK activation, had the most profound effect on inflammatory mediator release, followed by the JNK inhibitor, the p38 inhibitor and the IKK a and b kinase inhibitor, and finally the NFkB p65 transactivation inhibitor ( Fig. 1 ; Table 1 ). In summary, the MEK 1/2 inhibitor significantly suppressed the production of all five of the pro-inflammatory mediators produced by MO3.13 oligodendrocytes, while the JNK pathway inhibitor had the most marked effect on CCL2, CXCL8, and CCL5 secretion. The p38 inhibitor and the IKK inhibitor each suppressed production of two mediators [CCL2, CXCL(1,2,3) and CCL2, IL-6, respectively] while the NFkB p65 inhibitor had the least effect in our study (Table 1 ). CCL2 was the most commonly suppressed chemokine indicating that multiple pathways are involved in its synthesis and release, a possibility that also accounts for its abundance over other inflammatory mediators. The release of other chemokines/cytokines involved at least 2 pathways, with the MEK pathway being one of those in all cases (Table 1 ). This effect of inhibitors on chemokine/ cytokine release was on the cells alone, and did not involve an effect on the bacteria, as the pattern of suppression of constitutively expressed pro-inflammatory mediators was similar to that seen in the presence of bacteria. In addition, the MAPK pathway inhibitors had no deleterious effect on B. burgdorferi viability (data not shown).
Since the MEK/ERK pathway was predominantly involved in release of inflammatory mediators from MO3.13 cells, we then evaluated the effect of inhibitor doses 2 to 4-fold lower than the 10-lM concentration used. The results show that even a four-fold lower dose was sufficient in reducing chemokine/cytokine production significantly from these cells in the presence of B. burgdorferi (MOI 10:1) for 48 h ( Table 2 ).
The P53 pathway is involved in the response of oligodendrocytes to B. burgdorferi The P53 pathway has been shown to partake in multiple processes within eukaryotic cells including survival, apoptosis, autophagy, and senescence [33] [34] [35] . In our previous work we Values represent average fold decrease in comparison to B. burgdorferi with solvent alone. SEM value is indicated within parenthesis. The fold decrease in response to 10 lM MEK 1/2 inhibitor is the same as in Table 1 . The average fold-change in response to the 2.5-lM and 5-lM doses was calculated from two independent experiments, while the 10-lM dose values were from four independent experiments have shown that neuronal cells undergoing apoptosis in the presence of microglia and B. burgdorferi induced the expression of p53-related genes [26] . Therefore, in our current study we assessed the role of the P53 protein in the response of human oligodendrocytes to B. burgdorferi. We found that coculture with B. burgdorferi increased the level of total p53 protein in these cells by about 40 %, as determined by ELISA for the endogenous protein in total cell lysates at 48 h of coculture (Fig. 2) . Treatment with the MEK 1/2 inhibitor in the presence of the bacteria suppressed this upregulation to control levels (dotted line in Fig. 2) .
As the MEK/ERK pathway mediated inflammation most significantly in these cells and also suppressed p53 levels, we then tested for the role of p53 itself in inflammation. Two types of inhibitors were used, an inhibitor that suppresses the transactivation of p53 in the nucleus (pifithrin-a) and inhibits p53 mediated gene expression, and pifithrin-l that inhibits p53 from binding to mitochondrial anti-apoptotic proteins such as Bcl2, thereby preventing apoptosis.
Both inhibitors were independently confirmed to suppress p53 levels (data not shown). With either inhibitor, the contribution of the p53 pathway in mediating inflammation was not as significant as that mediated by the MEK 1/2 inhibitor (Tables 1, 3) . Inhibition of the transactivation function of p53 suppressed the production of CCL2 and IL-6 while suppressing the mitochondrial arm of p53 had an effect only on CCL5 production-but only at 0.1 lM concentration. There was no effect on inflammation when pifithrin-l was used at 0.5 lM (higher doses of pifthrin-l were toxic to cells). In summary, while total p53 levels are elevated during infection with B. burgdorferi, they play a minor role in inflammation, in comparison to the MEK/ ERK pathway, which seems to influence both inflammation and p53 levels.
The MEK/ERK pathway and the mitochondrial arm of the p53 pathway play a role in apoptosis of MO3.13 oligodendrocytes during exposure to B. burgdorferi Exposure of oligodendrocytes to B. burgdorferi causes apoptosis of these cells in vivo and in vitro [24, 27] . We have hypothesized that the inflammatory milieu elicited during infection results in apoptosis of neural cells. Since the MEK/ERK pathway markedly affected inflammatory chemokine and cytokine production by oligodendrocytes in our current study, we evaluated the role of this pathway in influencing apoptosis. This was determined quantitatively through measurement of endogenous levels of cleaved (active) caspase-3, as well as semi-quantitatively by TUNEL assay. As seen in Fig. 3a , there was an upregulation of active caspase-3 at 48 h in response to B. burgdorferi infection at an MOI of 50:1 but not at lower doses. There was an average 1.4-fold increase in active caspase-3 production in MO3.13 cells at this MOI. As seen in Fig. 3b , inhibition of the MEK/ERK pathway suppressed caspase-3 activation at 48 h of co-incubation with B. burgdorferi at all of the inhibitor doses tested. Inhibition of p53 using the pifithrin-l inhibitor also suppressed caspase-3 activation. There was a significant reduction (ranging from 22 to 30 %) in endogenous levels of the cleaved caspase-3 protein when either the MEK/ERK pathway or the mitochondrial arm of the p53 pathway was suppressed, indicating that while the p53 protein likely influences apoptosis, as induced by B. burgdorferi in mature MO3.13 human oligodendrocytes, the MEK/ERK pathway affects inflammation, p53 levels, and apoptosis. This effect on apoptosis by MEK and p53 inhibitors was confirmed by TUNEL assay, wherein percentage of TUNEL positive cells was determined microscopically. As seen in Fig. 4a , b, the proportion of apoptotic cells was decreased significantly with all doses of the MEK1/2 inhibitor and pifithrin-l at 0.1 lM. At the lower MOI of 10:1 (Fig. 4a) , the oligodendrocytes with MEK 1/2 inhibitor showed a *4 (10 lM)-6 (2.5 and 5 lM) reduction in the percent of apoptotic cells on average while the p53 inhibitor had the most profound effect by reducing the percent apoptosis by about 10 (Fig. 4a) . At the higher MOI of 50:1, the lowest dose of MEK 1/2 inhibitor (2.5 lM) reduced the percentage of apoptotic cells by *10 while the higher dose (10 lM) reduced the percent apoptosis by 12, but this difference was not significant due to the higher dispersion of the data (Fig. 4b) . MEK 1/2 inhibitor at 5 lM and pifithrin-l had a significant effect and reduced the percent apoptosis by about 16-17, respectively (data not shown). A microscopic visualization of these results is shown in Fig. 4c, d , where TUNEL positive (apoptotic, green) cells are increased in samples exposed to B. burgdorferi alone in comparison to other conditions. The MEK1/2 inhibitor affects overall cell growth and viability of MO3.13 cells Culture wells with MO3.13 cells co-incubated with B. burgdorferi and the higher doses of the MEK1/2 inhibitor U0126 (5 and 10 lM) exhibited a change in culture medium color from pink to slight orange, to orange, indicative of rapid cell growth, while wells with oligodendrocytes plus B. burgdorferi and 2.5-lM MEK1/2 inhibitor or pifithrin-l (0.1 lM) remained pink-as did wells with oligodendrocytes and B. burgdorferi alone or medium controls (data not shown). So an MTT assay was conducted to determine cell viability of MO3.13 oligodendrocytes in the presence or absence of the MEK1/2 inhibitor during infection with B. burgdorferi, and as shown in Fig. 5 , cell viability increased often beyond the medium control levels in the wells containing 5-lM and 10-lM concentrations of the MEK1/2 inhibitor -in accordance with the color change in medium. The 2.5-lM concentration of MEK1/2 inhibitor also increased the viability of cells in comparison to cells containing B. burgdorferi alone, even though the medium did not change color very dramatically. A similar pattern of improved cell viability in the presence of MEK inhibitor was also seen when assessed by trypan blue cell viability assay in the presence of bacteria (data not shown).
The MEK/ERK pathway plays a role in inflammation and apoptosis of primary oligodendrocytes
Since the MEK pathway played a significant role in oligodendrocyte inflammation and apoptosis when modeled by the human oligodendrocyte cell line MO3.13, its role in primary human oligodendrocytes during B. burgdorferi infection was also determined. Inhibition of the MEK/ERK pathway suppressed the production of CXCL8 (Fig. 6a) as induced by B. burgdorferi, while its effect on CCL2 or CXCL(1,2,3) was inconclusive (data not shown). Also, the primary cells produced a lower concentration of these chemokines, especially CXCL8 and CXCL (1,2,3) , compared to the MO3.13 cells (Fig. 6a and data not shown) . In addition, the primary cells, contrary to MO3.13 cells, do not secrete any significant amount of IL-6 or CCL5 during exposure to B. burgdorferi. But similar to the effect seen in MO3.13, both the MEK/ERK inhibitor U0126, and pifithrin-l significantly downregulated apoptosis (Fig. 6b) in the presence of the bacteria. As seen in Fig. 6c , MBP (red)-stained differentiated human oligodendrocyte precursor cells (DHOPC) show a higher number of TUNEL-positive (green) cells when exposed to B. burgdorferi compared to cells exposed to either medium (with solvent) alone or in the presence of MEK inhibitor. But, as with inflammation, the overall percentage of apoptosis that was induced by B. burgdorferi in primary cells was more limited in comparison to that of MO3.13 cells. Finally, MEK suppression improved the cell viability of DHOPC during infection in a manner that was similar to MO3.13 cells (data not shown). In summary, MEK/ERK suppression in primary human oligodendrocytes diminished CXCL8 production and apoptosis, and improved cell viability during infection, similar to the effects seen in the oligodendrocyte cell line, although these phenotypes were not as robust as those observed in the MO3.13 cells.
Discussion
In this manuscript, we show that MAPK pathways, particularly the MEK/ERK pathway, play a predominant role in mediating release of pro-inflammatory chemokines and cytokines from human oligodendrocytes, as well as in apoptosis of these cells, during exposure to B. burgdorferi.
In the mature oligodendrocytes, as modeled by the MO3.13 cells, co-culture with B. burgdorferi elicited marked release of CCL2, CXCL8, CXCL(1,2,3), CCL5, and IL-6, in decreasing order of concentration (Fig. 1 ), in agreement with our previously published results [27] , while adding to the repertoire of secreted molecules. The primary oligodendrocytes, which are mature but likely at an earlier point in the developmental process compared to MO3.13 oligodendrocytes (based on morphology and time allowed for growth) produced a more limited amount of CXCL8 (Fig. 6a) [and CXCL (1, 2, 3) , in addition to CCL2], in response to B. burgdorferi, but no CCL5 or IL-6. This suggests that the process of maturation towards myelinproducing cells perhaps also affects the production/secretion machinery for additional mediator release; in addition, there could be limited mRNA production for these chemokines in primary cells at this stage. Alternatively, since the HOPC are obtained from human tissues, these differences could simply be the consequence of natural variability among individuals. However, in both these cell types, the MEK pathway played a role in eliciting inflammatory mediators, wherein blocking the MEK pathway reduced the amounts of produced mediators to basal levels even in the presence of spirochetes. For MO3.13 cells this effect was also apparent for the JNK and p38 pathways, where repression of either one also resulted in significant down-regulation of some pro-inflammatory mediators ( Fig. 1; Table 1 ). While suppression of IKK a and b kinases of the NFkB pathway decreased the release of CCL2 and IL-6 during B. burgdorferi infection, suppression of the transactivation function of RelA (p65) by the NFkB p65 inhibitor had a minimal effect, with inconclusive results. It is possible that other transcription factors in the NFkB family might play a role. Together, these results suggest that multiple pathways are involved in inducing release of inflammatory mediators from oligodendrocytes in the presence of B. burgdorferi, but most notably so for CCL2, whose release was mediated by all three MAPK and NFkB pathways (Table 1 ). This pathway promiscuity possibly explains the abundance of CCL2. It should be noted that although the p38 inhibitor and the IKK inhibitor significantly downregulated CXCL (1,2,3) and IL-6 respectively, it remains to be determined whether these downregulations are biologically relevant and affect physiological functions, especially considering the modest fold downregulation values in comparison to those elicited by the MEK inhibitor ( Table 1) . The MAPK/NFkB pathways that were elicited in vitro by exposure of cells to B. burgdorferi have also been assessed in a few other cell types. Their roles vary depending on the cell type utilized. In mature THP-1 macrophage-like cells, upregulation of CXCL8 by B. burgdorferi lysates was shown to occur preferentially via the ERK pathway, as with our results. The p38 pathway also had no role in this process [36] . Unlike with our results, the IkB kinase inhibitor did have a role in CXCL8 production. Although a different inhibitor was used (inhibitor VII vs. inhibitor XII in this study), this disparate outcome is likely due to the cell type utilized. In a mouse macrophage cell line RAW264.7, both the p38 and the JNK pathways have been implicated in the production of TNF [37, 38] in response to B. burgdorferi lysates, and it was later demonstrated that the p38a MAP kinase regulated phosphorylation of RelA [39] in response to B. burgdorferi antigens. In human chondrocytes all of the three MAPK pathways were shown to influence TNF production in response to B. burgdorferi. However, in our study, we saw no secretion of TNF into the cell culture supernatants of MO3.13 cells in response to B. burgdorferi (MOI 10:1) at any time (2, 6, 24, 48 h-data not shown). Whether this cytokine is intracellularly produced or secreted in response to a higher infection dose in human oligodendrocytes is currently unknown. In a more recent study, bone marrow macrophages (BMM) derived from transgenic mice with a dominant-negative form of p38 MAPK produced significantly lower levels of CCL2 in comparison to BMMs from controls in response to B. burgdorferi [40] . This is similar to our results, where suppression of the p38 MAPK pathway significantly reduced CCL2 production in MO3.13 oligodendrocytes. No other pathways were tested, so the possibility that other kinases may influence outcomes to a similar or greater degree in murine BMM is not known.
Since the MEK/ERK pathway emerged as the most predominant mediator of pro-inflammatory molecule production/release, we next examined the mechanisms by which this kinase could mediate apoptosis as well, considering that the hypothesis of our study is that inflammation and apoptosis are causally related. Given that CCL2 was the most abundant molecule produced, treatment of cells with a recombinant version of this protein and its ability to cause cell death was initially tested. However, due to inconclusive results with carrier-free protein and dominant effects of the carrier due to its high concentration in the recombinants, this approach was abandoned. Hence we looked at other mechanisms by which the ERK pathway could mediate apoptosis. In our previous study of microglia and B. burgdorferi-mediated neuronal cell death, p53-dependent genes were upregulated in apoptotic neurons [26] , and p53 is well known for its role in cell cycle, apoptosis, autophagy, and senescence [33] [34] [35] . P53 is normally maintained in cells at low levels due to its low half-life. However, its levels can be stabilized, leading to its accumulation and p53-mediated effects [33, 41] . We found that p53 levels were enhanced in MO3.13 oligodendrocytes in response to B. burgdorferi at 48 h, and that inhibition of the MEK/ERK pathway downregulated this effect (Fig. 2) . ERK has been shown to bind p53 in vitro, stabilize the molecule by phosphorylation of serine 15 or threonine 55, and promote its activity in vitro [42] [43] [44] . Alternatively, the effect could be indirect, as in the case of c-myc for instance, which is stabilized by ERK phosphorylation of serine 62 and which in turn promotes the apoptotic function of p53 [45] [46] [47] . However, in preliminary studies, we did not see an increase in serine 15 phosphorylation of p53 in response to B. burgdorferi infection indicating that increased levels via stabilization is not likely through this effect (data not shown). Also in concurrence with the above-mentioned studies on the effect of ERK on p53, and of p53 on apoptosis, suppression of both the MEK/ERK pathway and p53 suppressed apoptosis as measured by both caspase-3 activation (cleaved caspase-3) and the TUNEL assay (Figs. 3b, 4 , 6b, c). In our current study, caspase-3 activation was seen only at an MOI of 50:1, in contrast to a previous study from our lab, where statistically significant caspase-3 activation (albeit at low levels) could be seen at an MOI of 10:1 [27] . This could be a result of differences in techniques used (flow cytometry vs. ELISA on total cell lysates). However, due to its ease of use with multiple samples concurrently and to avoid time lags between samples, we decided to proceed with the ELISA assay at the MOI of 50:1. The assay showed that both MEK and p53 inhibitors suppressed caspase-3 activation in oligodendrocytes co-incubated with B. burgdorferi at this MOI. This result was confirmed with the TUNEL assay, which showed the same effect on apoptosis by both inhibitors not only at 50:1 but also at 10:1 MOI. This confirmed that suppression of both the MEK pathway and p53 inhibits apoptosis of human oligodendrocytes as induced by B. burgdorferi, and that the MEK-mediated effect on apoptosis is, at least partly, through p53 (Figs. 2, 4, 6b) . As MEK/ERK mediated inflammation as well as apoptosis, the latter likely primarily through p53, we tested to see if p53 can mediate release of inflammatory mediators as well. This was tested through two different p53 suppressors, pifithrin-a that inhibits p53 mediated transactivation in the nucleus [48] and pifithrin-l that inhibits the mitochondrial arm of the p53 pathway, such that p53 interaction with anti-apoptotic molecules in the mitochondria is inhibited [49, 50] . Neither had a profound effect on inflammation in MO3 oligodendrocytes (Table 3) , indicating either that inflammation and apoptosis are two separate arms of the ERK pathway, or that the ERK pathway's effect on inflammation occurs prior to its effect on apoptosis, i.e. inflammation precedes p53 upregulation. These results are consistent with those of our previous study, in which treatment of MO3.13 oligodendrocytes with glucocorticoids such as dexamethasone suppressed both inflammation and apoptosis due to B. burgdorferi [27] . Although glucocorticoids exert their anti-inflammatory effect through multiple mechanisms [51] , one of the well documented means is through inhibition of MAPK pathways [52, 53] . Thus it is possible that some of the dexamethasone effects documented in that study occur through the mechanisms described herein.
An additional effect of the MEK inhibitor that was seen in both the MO3.13 and DHOPC was an increase in cell numbers in the wells. This was initially noticed as a change in color of the medium with increasing concentration of U0126 (data not shown). Light microscopy and an MTT-based assay revealed an increase in cell number even in the presence of B. burgdorferi, for MO3.13 cells (Fig. 5) as well as primary oligodendrocytes (data not shown). Although it is possible that some of the MEK/ ERK-mediated effect seen on apoptosis is due to an increase in cell number and therefore a decrease in percentage of apoptosis, this is not the entire explanation as the MEK1/2 inhibitor also had an effect on active caspase-3 levels, as measured by ELISA. These data on cell viability and apoptosis affected by the MEK/ERK inhibitor are similar to the results obtained by Tang et al. [54] . In that study, in the presence of DNA-damaging agents like etoposide, which leads to apoptosis, both ERK activation and upregulation of p53 levels were seen in NIH3T3 cells (a mouse fibroblast cell line). However, inhibition of the ERK pathway had no effect on p53 levels at 2 h, and ERK activation also led to cell-cycle arrest independently of p53. In these cells, ERK activation and p53 upregulation were parallel processes, unlike in our study, where MEK/ERK activation was found to be upstream of p53 (at 48 h). As with our data, however, inhibition of the MEK/ERK pathway increased the cell viability in the presence of agents leading to apoptosis. In contrast, in another study, while ERK activation was involved in the production of IL-1b, IL-6 and CXCL8 from chicken macrophages in response to H9N2 avian influenza virus, it actually suppressed TNF-family mediated apoptosis in these cells due to the virus [55] . Thus it is important to delineate the specific mechanisms underlying individual conditions/diseases in the particular cell types involved, as clearly there is no general explanation for all.
We show here that MEK/ERK pathway plays an important role in mediating inflammation and apoptosis of human oligodendrocytes in the presence of B. burgdorferi, and that apoptosis occurs at least partially through p53. We also show that in mature oligodendrocytes, as modeled by the MO3.13 cells, inflammation and apoptosis are either sequentially elicited post-MEK/ERK stimulation, or diverge thereafter. The latter option would falsify our hypothesis that inflammation is causally related to apoptosis in oligodendrocytes. These notions are depicted in a proposed model of signaling events in these cells (Fig. 7) . In the primary oligodendrocytes, as with MO3.13 cells, suppression of either MEK/ERK or p53 suppresses apoptosis. However, it remains to be determined whether these are parallel processes independent of each other or are sequential, as seen in MO3.13 cells.
While this study has provided a pivotal molecular mechanism underlying inflammation and apoptosis of human oligodendrocytes as stimulated by B. burgdorferi, it also provides data to suggest other areas that should be further explored. These include the roles of other MAPK pathways in apoptosis, other caspases (e.g. caspase-8), the effect of p53 on extrinsic caspase pathways, cell toxicity of chemokines and, importantly, caspase-independent cell death. Nevertheless, our data convincingly show that suppression of MEK/ERK and p53 molecules by use of inhibitors lead to a decrease in oligodendrocyte death. Since oligodendrocytes are vital to neuronal survival these results provide a blueprint for the evaluation of such inhibitors as therapies for Lyme neuroborreliosis in animal models and perhaps also in humans. Fig. 7 The proposed model for the signaling events in mature, human oligodendrocytes in response to B. burgdorferi. Upon exposure to the bacteria, signaling events mediated by an as yet unknown receptor(s) lead to activation of various pathways, but predominantly the MEK/ERK pathway, resulting in release of specific inflammatory mediators. Thickness of the lines for MAPK/NFkB pathways depicts the attributed signal strength. Activation of the MEK/ERK pathway also leads to increased p53 levels, with the mitochondrial arm of p53 playing a role in apoptosis. Dashed lines depict undetermined possibilities
